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ABSTRACT: The Czech Republic has one of the highest
incidences of colorectal cancer (CRC) in the world. To
assess the role of genetic variants on the disease, we
genotyped polymorphisms in the TP53 (rs17878362:
A14A2, rs1042522:G4C, rs12947788: C4T, and
rs17884306:G4A), CDKN1A (rs1801270: C4A and
rs1059234:C4T), and CDKN2A (rs3731249:G4A,
rs11515:C4G, and rs3088440: C4T) genes in 614
hospital-based CRC cases and 614 matched controls from
the country. Despite the tendency toward differential
distribution of variant allele frequencies for some poly-
morphisms, none was significantly associated with CRC
risk. We observed differential distribution of major
haplotypes arising from four polymorphisms in the TP53
gene between cases and controls (global Po0.0001). The
two most common haplotypes, A1GCG and A2CCG, were
present in 81% of the cases compared to 71% of the
controls. In comparison to the most common haplotype
(A1GCG), the haplotype A2CCG was associated with an
increased risk (odds ratio [OR], 1.40; 95% confidence
interval [CI], 1.07–1.82), while the four other haplotypes
A1CCG (OR, 0.60; 95% CI, 0.45–0.79), A2GCG (OR,
0.53; 95% CI, 0.35–0.81), A1GTG (OR, 0.31; 95% CI,
0.15–0.64), and A1GCA (OR, 0.19; 95% CI, 0.07–0.51)
were associated with a decreased risk. The effect of
haplotypes in the TP53 gene was similar in colon (global
Po0.0001) and rectal cancers (P 5 0.006). No association
with the disease was observed with haplotypes of the
CDKN1A and CDKN2A polymorphisms. The results from
this study suggest that prevalent haplotypes within the
TP53 gene may modulate CRC risks in the population.
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Introduction
Colorectal cancer (CRC) is one of the most common cancers in
developed countries [Stewart and Kleihues, 2003]. The disease
accounts annually for 1,200,000 newly diagnosed cases and over
525,000 deaths worldwide [Parkin et al., 2005]. The etiology of
CRC, which is a complex disease, probably involves a combination
of several genetic alterations that contribute to its onset and
progression. The majority of CRC is sporadic or shows a pattern of
familial aggregation not fitting into models of Mendelian
inheritance [de la Chapelle, 2004]. While high penetrance
mutations have been identified in the hereditary form of the
disease, the multifactorial predisposition to sporadic CRC probably
involves interactions between low penetrance susceptibility alleles
and environmental factors [de la Chapelle, 2004; Ahmed, 2006].
The discovery, through genome-wide association scans, of a
number of polymorphisms and loci that are associated with the
disease susceptibility has provided an indication about the role of
low penetrance variants in the disease etiology [Kemp et al., 2006;
Tomlinson et al., 2007; Zanke et al., 2007]. However, the
mechanism involved remains to be understood. The nonsynon-
ymous genetic polymorphisms can potentially result in altered
protein functions. As evident, the contribution of individual
variants to the disease is likely to be minor and difficult to ascertain
in small-sized studies with insufficient statistical power. In a
modified approach, haplotype analysis has been suggested as a
promising method for studying cancer-gene association [Interna-
tional HapMap Consortium, 2005]. It is possible that instead of
individual polymorphisms, certain sets of haplotypes, comprised of
several variants, within the critical genes exhibit a differential
association with cancer susceptibility [Gast et al., 2007].
Several studies have shown that the genes with pivotal roles in cell
cycle regulation may modulate the risk and onset of sporadic CRC
[Naccarati et al., 2007]. The deregulation of the cell cycle leads to
uncontrolled cellular proliferation [Malumbres and Barbacid, 2001,
2007]. Inappropriate expression (and/or mutations) in the genes
involved in the cell cycle occur frequently in various cancers,
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including CRC [Savas et al., 2005]. The TP53 gene (MIM] 191170),
which plays a central role in cell cycle regulation and apoptosis, is
frequently mutated somatically in CRC and other solid tumors
[Vousden and Lu, 2002; Petitjean et al., 2007]. Previous reports
showed that several polymorphisms within TP53 gene were
associated with the risk of CRC or its precursor lesion (adenoma)
[Sjalander et al., 1995; Gemignani et al., 2004; Koushik et al., 2006].
Polymorphisms in other cell cycle control genes have been studied
less extensively. The CDKN2A and CDKN1A genes (CDKN2A;
MIM] 600160; CDKN1A; MIM] 116899), which encode cell cycle
inhibitors, can also be relevant in CRC carcinogenesis [Huang et al.,
2004]. Some studies have previously investigated the epigenetic
changes in various genes including CDKN2A in neoplastic lesions in
CRC patients [Miranda et al., 2006; Kawakami et al., 2006]. The role
of polymorphisms in these genes for CRC susceptibility has not yet
been fully investigated [McCloud et al., 2004].
In the present study, we carried out a case-control association
study to evaluate the role of common polymorphisms and
haplotypes within the TP53, CDKN1A, and CDKN2A genes with
the risk of CRC. The study was carried out on a hospital-based
case-control population from the Czech Republic, where the
reported incidence of colon cancer is the third highest in the world
and the highest for rectal cancer worldwide.
Materials and Methods
Study Population
The study population comprised 614 patients with CRC and 614
hospital-based healthy controls matched for sex and age. Eligibility
criteria for participation in the study included: cases and controls
were aged 29 years or more, were of Czech origin, and consented to
provide biological samples for genetic analysis. Cases with
histologically-confirmed CRC diagnosis were recruited (between
September 2004 and February 2006) from patients visiting nine
oncological departments all over the Czech Republic (two in Prague,
the others in the towns of Benesov, Brno, Liberec, Ples, Pribram, Usti
nad Labem, and Zlin), as representative of the entire country.
During the study period, a total of 968 cases with CRC provided
blood samples from the above mentioned hospitals. Sixteen
individuals were initially excluded because they met the Amsterdam
criteria I and II [Vasen et al., 1991, 1999] for hereditary CRC.
Controls were selected from individuals admitted to five large
gastroenterological departments (Prague, Brno, Jihlava, Liberec,
and Pribram) all over the Czech Republic at the time when cases
were being recruited. The control subjects were undergoing
colonoscopy for various gastrointestinal complaints. The reasons
for colonoscopic investigation were as follows: 1) macroscopic
bleeding; 2) positive fecal occult blood test (FOBT); and 3)
abdominal pain of unknown origin. Due to the high incidence of
CRC in the Czech Republic, colonoscopy is largely recommended
and practiced. The control group was composed of subjects with
negative colonoscopic results for malignancy or idiopathic bowel
diseases [Landi et al., 2008]. To reduce selection bias, only those
subjects with no previous diagnosis were included into the study.
This criterion was used to avoid inclusion of patients with chronic
diseases who might be repeatedly admitted to hospital and modify
their habits because of their disease. This procedure paralleled the
criterion for cases. Among 739 recruited controls, a total of 663
(89.7%) were used for matching for sex and age with CRC patients.
As a result, 614 case-control pairs were formed. Thus, 338 cases and
49 controls not fitting as the pairs or with incomplete lifestyle and
potential risk factor information were excluded from initial groups.
The participating subjects were properly informed and signed a
written consent and the approval for genetic analysis in accord
with the Helsinki declaration. The design of the study was
approved by the Ethical Committee of the Institute of Experi-
mental Medicine, Prague, Czech Republic.
Interviews
Cases and controls were personally interviewed by trained
personnel using a structured questionnaire to determine demo-
graphic characteristics and potential risk factors for CRC. Study
subjects provided information on their lifestyle habits, body mass
index (BMI), diabetes, and family/personal history of cancer.
Lifelong or long-term (at least 6 consecutive months) drug use
questions were also included in the questionnaire.
Selection of Polymorphisms
The polymorphisms within the TP53 gene were selected using a
tag-SNP approach. Phased SNP dataset was obtained from the
SNP500 cancer project (http://snp500cancer.nci.nih.gov), in which 19
SNPs with minor allele frequency (MAF)45% have been genotyped
in over 30 Caucasians. Phased haplotypes were analyzed with
Haploview software (www.broad.mit.edu/mpg/haploview [Barrett
et al., 2005]). Using the ‘‘four gamete rule,’’ the TP53 locus showed
two blocks of linkage disequilibrium (LD): one spanning more than
one-half of the first intron and the other encompassing all the
remaining parts of the gene. We focused on the latter LD block as it
contains all the exons where usually somatic mutations are induced
in cancers. Thus, we analyzed the SNPs from rs8079544 (located at
the end of the intron 1) to rs35659787 (located at the beginning of
the 30UTR), for a total of 12 SNPs. Setting the MAF at 0.03 with an r2
threshold at 0.7, three tag SNPs were obtained that included
rs1042522:G4C (Ex41119 G4C, Arg72Pro), rs12947788:C4T
(IVS7172 C4T), and rs17884306:G4A (Ex11–363 G4A). In the
study, we also included the 16-bp ins/del polymorphism within the
intron 3 rs17878362:A14A2 (PIN3, Ins11951_11966, allele A2 carries
the 16-bp insertion within intron 3). For CDKN1A and CDKN2A
genes, we selected SNPs that were common in Caucasians. Within
CDKN1A we chose rs1801270:C4A polymorphism, a C-to-A
transversion within the exon 2 causing an amino acid substitution
at codon 31 (Ser31Arg, Ex2198 C4A); and rs1059234:C4T
polymorphism, a C-to-T transition in the 30UTR (Ex3170 C4T).
For CDKN2A we chose the common nucleotide variant G-to-A in
the exon 2, coding for an amino acid change, rs3731249:G4A
(Ex2–16 G4A, Ala148Thr), and two other SNPs in 30UTR region:
rs11515:C4G (30UTR 500C4G ), and rs3088440:C4T (30UTR
540C4T).
Genotyping
The polymorphisms in the TP53 and CDKN2A genes were
genotyped by PCR–restriction fragment length polymorphism
(PCR-RFLP). PCR products were generated using 50 ng of genomic
DNA in 20ml volume reactions containing 10 reaction buffer BD
(Mg21 and detergent-free; pH 9.4–9.5 800 mM Tris-HCl, 200 mM
(NH4)2SO4, 25 mM MgCl2, 2 mM dNTP, 0.3 mM of each primer
(Supporting Table S1; available online at http://www.interscience.-
wiley.com/jpages/1059-7794/suppmat) and 1 U HOT FIREPol DNA
polymerase I (Solis Biodyne, Tallin, Estonia). DNA polymerase was
activated by a 15-minute incubation at 951C and followed by
denaturation for 1 minute at 951C, an annealing for 30 seconds at
681C (–11C per cycle), and a primer extension for 1.5 minutes at
721C for 20 cycles. Additionally, 20 cycles are needed for
662 HUMAN MUTATION, Vol. 30, No. 4, 661–668, 2009
denaturation at 951C for 1 minute, an annealing for 30 seconds at
511C, and a primer extension for 1.5 minutes at 721C. The
amplified fragments were digested with appropriate restriction
endonucleases (Supporting Table S1). The digested PCR products
were resolved and analyzed on 3% agarose gels containing ethidium
bromide and visualized under UV light.
Genetic polymorphisms in the CDKN1A gene, rs1801270:C4A
and rs1059234:C4T, were analyzed with TaqMan allelic discrimina-
tion assay (Applied Biosystems, Foster City, CA; Assay-on-demand,
SNP genotyping products: C_14977_20 and C_7514111_10). The
TaqMan genotyping reaction was amplified on a 7500 Real-Time
PCR system (Applied Biosystems) as follows: 951C for 10 minutes,
921C for 15 seconds, and 601C for 1 minute for 40 cycles.
The genotype screening was performed simultaneously for cases
and controls. The results were regularly confirmed by random
regenotyping of more than 10% of the samples for each
polymorphism, which yielded concordant results. The genotypes
with unclear results were excluded from the data.
Statistical Analyses
Genotype distribution for each polymorphism was tested in
controls for Hardy-Weinberg equilibrium and differences in
expected and observed frequencies were tested for statistical
significance by Pearson chi-squared test. Differences in baseline
sociodemographic characteristics between cases and controls were
analyzed using chi-squared test and Student’s t-test. Multivariate
logistic regressions were used to examine the association between
variant alleles, genotypes and risk of CRC, as well as those of colon
and rectal cancers separately. Odds ratio (OR), 95% confidence
intervals (CI), and P values calculated for risk-associated
genotypes and variant alleles were adjusted for age and gender.
The haplotype frequencies in cases and controls, and the
haplotypes carried by each individual (diplotype) were estimated
with the SAS/Genetics software module (SAS Institute, Cary, NC).
The analysis was carried out to examine the phase of TP53,
CDKN1A, and CDKN2A polymorphisms using the expecta-
tion–maximization algorithm to generate maximum likelihood
estimates of haplotype frequencies. Relationships between geno-
type/haplotypes and the disease risk were summarized as global P
values. LD was calculated with Haploview software (www.broad.-
mit.edu/mpg/haploview/documentation.php). For the haplotypes
in the TP53 gene, selection of genetic models that included one to
four polymorphisms was based on Akaike’s information criteria
(AIC) [Akaike, 1973]. Further, the possible interactions between
loci in the same or different genes were explored by the
multidimensionality reduction method [Ritchie et al., 2001].
Results
Study Population
The study included 614 CRC cases and 614 controls frequency
matched by age and sex (Supporting Table S2). The distribution of
the considered covariates did not differ between the patients and
the controls, with the exception of a small difference in smoking
status and education.
Allele Frequencies
Results of allele frequency analyses are reported in Table 1. The
frequencies of variant allele for the TP53 polymorphism,
rs12947788:C4T was lower in CRC cases than in controls;
however, the association observed was not significant. On the
other hand, the frequencies of variant alleles for two polymorph-
isms in the CDKN2A gene, rs3731249:G4A and rs11515:C4G,
were higher in cases than in controls.
The analyses stratified for a specific cancer site (Table 2) showed
a nonsignificant decreased frequency in colon cases compared to
controls of the variant allele for the rs12947788:C4T polymorph-
ism in TP53, while a significantly increased frequency of the
variant allele for the CDKN2A rs11515:C4G was observed in
rectal cases (Table 2).
Genotype Frequencies
Associations of nine polymorphisms and their related haplo-
types were explored in TP53, CDKN1A, and CDKN2A. The
distribution of genotypes within the selected genes in the controls
was in agreement with Hardy-Weinberg equilibrium (Table 1). No
significant differences were found between cases and controls in
the genotype frequencies for any of the analyzed polymorphisms
(Table 1). Similarly, the analyses stratified for a specific cancer site
(Table 2) showed no significant association of studied poly-
morphisms with risk of colon cancer. However, we observed that
the carriers with the variant A allele for TP53 rs17884306:G4A
polymorphism were at a decreased risk of rectal cancer, while
individuals with the variant G allele genotypes for CDKN2A
rs11515:C4G were at an increased risk of this kind of cancer
(Table 2).
Haplotype Analyses
The analysis of LD for the four loci in the TP53 gene showed that
the D0 value for linkage between rs17878362:A14A2 and
rs1042522:G4C loci was 0.61, and between rs17878362:A14A2
and rs12947788:C4T it was 0.63. Similarly, the D0 value for linkage
between rs17878362:A14A2 and rs17884306:G4A was 1.00;
between rs12947788:C4T and rs1042522:G4C it was 0.48; between
rs17884306:G4A and rs1042522:G4C it was 0.66; and between
rs12947788:C4T and rs17884306:G4A it was 0.76. The r2 values,
however, ranged between 0.002 and 0.17. Out of the 16 possible
haplotypes, 10 were detected in the controls and 9 in the cases. The
number of polymorphisms included for haplotype analysis was
based on the AIC value. Comparison of haplotypes with different
combinations of one to four polymorphisms showed that the model
with the lowest AIC value (3294.31) was the one that included all the
investigated polymorphisms in the TP53 gene. AIC values for all
other models were higher than the one selected for analysis. A
multidimensional reduction method also identified the best model
that included four polymorphisms in the TP53 gene. Different
configurations resulted in testing balanced accuracies higher than
0.57 and cross-validation consistencies higher than 10/10. The
adequacy of the model was also suggested by permutation testing,
which resulted in a critical value lower than 0.001.
The difference in distribution of the TP53 haplotypes between
cases and controls was statistically significant (global P value for
haplotype effecto0.0001; Table 3). The two haplotypes (A1GCG
and A2CCG) were present in 81% of cases and only in 72% of
controls. In comparison to the most common haplotype with only
common alleles A1GCG, the A2CCG haplotype was associated
with a statistically significant increased risk of CRC. On the other
hand, four haplotypes (A1CCG, A2GCG, A1GTG, and A1GCA)
were associated with statistically significant decreased risk
(Table 3). Interestingly, the most common haplotype, A1GCG,
when compared to all other haplotypes, was associated with an
increased risk (OR, 1.24; 95% CI, 1.04–1.47).
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Table 1. Distribution of Cell Cycle Genotypes and Results of Unconditional Logistic Regression Analysis Considering All Cases
Togethery
Genotypes Controls (n 5 614)a Cases (n 5 614)a OR 95% CI P value X2, P value HWEb
TP53 rs17878362:A14A2
c
A1A1 447 429 1.00 Referent 0.26 2.08, 0.35
A1A2 158 168 1.12 0.87–1.45
A2A2 8 15 1.91 0.80–4.55
A1A21 A2A2 166 183 1.16 0.90–1.49 0.25
A1 allele 1052 1026 1.00 Referent
A2 allele 174 198 1.17 0.94–1.46 0.16
TP53 rs1042522:G4C
GG 326 327 1.00 Referent 0.54 0.41, 0.82
GC 237 225 0.95 0.75–1.21
CC 49 60 1.22 0.81–1.85
GC1CC 286 285 0.99 0.79–1.24 0.94
G allele 889 879 1.00 Referent
C allele 335 345 1.04 0.87–1.24 0.69
TP53 rs12947788:C4T
CC 548 565 1.00 Referent 0.25 0.09, 0.95
CT 59 43 0.72 0.48–1.09
TT 2 1 0.48 0.04–5.36
CT1TT 61 44 0.71 0.47–1.07 0.10
C allele 1155 1173 1.00 Referent
T allele 63 45 0.72 0.48–1.06 0.09
TP53 rs17884306:G4A
GG 533 553 1.00 Referent 0.03 2.77, 0.25
GA 77 52 0.65 0.45–0.95
AA 0 4 — —
GA1AA 77 56 0.70 0.49–1.01 0.06
G allele 1143 1158 1.00 Referent
A allele 77 60 0.77 0.54-1.09 0.14
CDKN1A rs1801270:C4A
CC 530 542 1.00 Referent 0.22 1.28, 0.53
CA 80 66 0.81 0.57–1.15
AA 1 4 4.18 0.46–37.65
CA1AA 81 70 0.85 0.60–1.20 0.36
C allele 1140 1150 1.00 Referent
A allele 82 74 0.90 0.65-1.25 0.54
CDKN1A rs1059234:C4T
CC 520 537 1.00 Referent 0.11 1.97, 0.37
CT 89 69 0.75 0.53–1.05
TT 1 4 4.13 0.46–37.21
CT1TT 90 73 0.79 0.56–1.10 0.16
C allele 1129 1143 1.00 Referent
T allele 91 77 0.84 0.61-1.15 0.27
CDKN2A rs3731249:G4A
GG 579 565 1.00 Referent 0.35 0.36, 0.83
GA 29 40 1.45 0.88–2.39
AA 0 2 — — —
GA1AA 29 42 1.52 0.93–2.50 0.10
G allele 1187 1170 1.00 Referent
A allele 29 44 1.58 0.97-2.56 0.06
CDKN2A rs11515:C4G
CC 457 431 1.00 Referent 0.16 0.46, 0.80
CG 138 159 1.24 0.95–1.61
GG 13 18 1.59 0.76–3.35
CG1GG 151 177 1.27 0.98–1.64 0.07
C allele 1052 1021 1.00 Referent
G allele 164 195 1.25 1.00-1.57 0.05
CDKN2A rs3088440:C4T
CC 526 528 1.00 Referent 0.61 2.89, 0.23
CT 76 80 1.05 0.75–1.47
TT 6 3 0.51 0.13–2.06
CT1TT 82 83 1.01 0.73–1.41 0.95
C allele 1128 1136 1.00 Referent
T allele 88 86 0.97 0.72–1.33 0.87
aNumbers may not add up to 100% of subjects due to genotyping failure. All samples that did not give a reliable result in the first round of genotyping were resubmitted to up
to three additional rounds of genotyping. Data points that were still not filled after this procedure were left blank.
b X2 and P-values for the deviation of observed and the numbers expected from the Hardy-Weinberg equilibrium (HWE) in the controls.
cAllele A2 carries the 16-bp insertion within intron 3.
yUnconditional logistic regression analysis values are adjusted for age and sex.
Significant P-values are in bold.
OR, odds ratio; CI, confidence interval.
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The analysis of haplotype distribution for TP53 after the
stratification for tumor localization revealed consistently statistically
significant differences between the controls and both colon and
rectal cancer patients (global P-value for haplotype effect o0.0001
for colon, and global P value for haplotype effect 5 0.003 for rectal
cancer). In particular, the haplotype A2CCG resulted in increased
risk of colon cancer, while the haplotypes A1CCG, A2GCG, A1GTG,
and A1GCA were associated with a decreased risk (Table 3).
However, for rectal cancer the increased risk due to haplotype
A2CCG was not statistically significant. Haplotypes A1CCG and
A1GCA were also associated with decreased risk in rectal cancer.
Haplotype analysis of the two CDKN1A polymorphisms and
the three CDKN2A polymorphisms did not show any difference
between cases and controls (data not shown). Separate analysis for
colon and rectal cancer also did not show any association (data
not shown). The analysis of LD showed that the D0 value for the
two polymorphic loci of CDKN1A was 0.96 (r2 5 0.85). For the
three loci of CDKN2A, LD between rs11515:C4C and
Table 2. Distribution of Cell Cycle Genotypes and Results of Unconditional Logistic Regression Analysis for CRC Patients
According to Stratification for Tumor Locationy
Colon cases Rectal cases
Genotypes Controls (n 5 614)a Cases (n 5 373)a OR 95% CI P value Cases (n 5 241)a OR 95% CI P value
TP53 rs17878362:A14A2
b
A1A1 447 260 1.00 Referent 169 1.00 Referent
A1A21A2A2 166 112 1.17 0.88–1.56 0.29 71 1.13 0.81–1.58 0.46
A1 allele 1052 623 1.00 Referent 403 1.00 Referent
A2 allele 174 121 1.18 0.92–1.52 0.20 77 1.16 0.87–1.55 0.34
TP53 rs1042522:G4C
GG 326 189 1.00 Referent 138 1.00 Referent
GC1CC 286 183 1.12 0.86–1.45 0.41 102 0.82 0.61–1.11 0.21
G allele 889 523 1.00 Referent 356 1.00 Referent
C allele 335 221 1.12 0.91–1.37 0.28 124 0.91 0.72–1.66 0.47
TP53 rs12947788:C4T
CC 548 347 1.00 Referent 218 1.00 Referent
CT1TT 61 25 0.65 0.40–1.07 0.09 19 0.80 0.47–1.37 0.42
C allele 1155 718 1.00 Referent 455 1.00 Referent
T allele 63 26 0.67 0.42–1.07 0.09 19 0.78 0.46–1.32 0.36
TP53 rs17884306:G4A
GG 533 333 1.00 Referent 220 1.00 Referent
GA1AA 77 37 0.78 0.52–1.19 0.25 19 0.58 0.34–0.99 0.05
G allele 1143 702 1.00 Referent 456 1.00 Referent
A allele 77 38 0.82 0.55–1.22 0.33 22 0.70 0.43–1.15 0.15
CDKN1A rs1801270:C4A
CC 530 330 1.00 Referent 212 1.00 Referent
CA1AA 81 42 0.82 0.55–1.23 0.34 28 0.88 0.56–1.40 0.59
C allele 1140 699 1.00 Referent 451 1.00 Referent
A allele 82 45 0.89 0.61–1.30 0.54 29 0.91 0.59–1.42 0.69
CDKN1A rs1059234:C4T
CC 520 326 1.00 Referent 211 1.00 Referent
CT1TT 90 44 0.77 0.52–1.14 0.19 29 0.80 0.51–1.26 0.33
C allele 1129 693 1.00 Referent 450 1.00 Referent
T allele 91 47 0.83 0.58–1.20 0.32 30 0.84 0.55–1.29 0.43
CDKN2A rs3731249:G4A
GG 579 344 1.00 Referent 221 1.00 Referent
GA1AA 29 26 1.52 0.87–2.65 0.14 16 1.52 0.80–2.86 0.20
G allele 1187 713 1.00 Referent 457 1.00 Referent
A allele 29 27 1.52 0.91–2.70 0.11 17 1.59 0.86–2.94 0.13
CDKN2A rs11515:C4G
CC 457 266 1.00 Referent 165 1.00 Referent
CG1GG 151 104 1.19 0.89–1.60 0.24 73 1.40 1.00–1.95 0.05
C allele 1052 629 1.00 Referent 392 1.00 Referent
G allele 164 111 1.15 0.88–1.49 0.31 84 1.43 1.07–1.91 0.02
CDKN2A rs3088440:C4T
CC 526 322 1.00 Referent 206 1.00 Referent
CT1TT 82 50 1.00 0.69–1.47 0.98 33 1.03 0.67– 1.60 0.88
C allele 1128 691 1.00 Referent 445 1.00 Referent
T allele 88 53 0.99 0.70–1.42 0.96 33 0.96 0.63–1.45 0.84
aAllele A2 carries the 16-bp insertion within intron 3.
bNumbers may not add up to 100% of subjects due to genotyping failure. All samples that did not give a reliable result in the first round of genotyping were resubmitted to up
to three additional rounds of genotyping. Data points that were still not filled after this procedure were left blank.
yUnconditional logistic regression analysis values are adjusted for age and sex.
Significant P values are in bold.
OR, odds ratio; CI, confidence interval.
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rs3731249:G4A was D0 0.98 (r2 5 0.17); between rs3088440:
C4T and rs3731249; G4A was D0 1.0 (r2=0.002) and between
rs3088440: C4T and rs11515C4G D0 1.0 (r2 =0.01).
Discussion
The development of CRC typically is a multifactorial process with
a recognized role of alterations in the cascade of genes regulating
cellular proliferation control and apoptosis. The aim of the present
study was to determine the role of polymorphisms in the cell cycle
genes in relation to CRC risk in the Czech population, which has the
highest reported incidence of CRC worldwide [Pardini et al., 2008].
The Czech population has not yet been comprehensively investi-
gated for genetic susceptibility to CRC. This hospital-based case-
control study has some strengths that include: 1) cases and controls
matched for age and sex (these covariates often introduce substantial
bias in association studies, [Wacholder, 2004]); and 2) inclusion of
colonoscopically-negative individuals as controls. Though the
selection of controls may not necessarily represent the general
population, it does ensure disease-free control individuals. The
negative result of colonoscopy serves as the best available proof for
the absence of CRC [Singh et al., 2006].
This report represents the first association study in which
simultaneous haplotype analyses for the TP53, CDKN1A, and
CDKN2A genes vis-à-vis CRC risk has been carried out. In our
study, we observed that none of the genotypes from any of the
polymorphisms investigated was significantly associated with
overall risk of CRC. However, data stratification showed that
significant associations with variant genotypes were observed for
rectal cancer only; the genotypes with variant A-allele for the TP53
rs17884306:G4A polymorphism were associated with a signifi-
cantly decreased risk, and the genotypes with variant G-allele for
the CDKN2A rs11515:C4G polymorphism were associated with
an increased risk. However, the low-variant allele frequencies and
reduction in population size due to the stratification of the cases
into colon and rectal cancers did not permit any unambiguous
conclusion. Further, after taking into consideration the correction
for multiple-hypothesis testing, the associations being due to mere
chance cannot be ruled out.
We did observe a tendency toward an allele effect on the risk of
CRC for one TP53 polymorphism. The frequency of the variant
allele of the rs12947788:C4T polymorphism was underrepre-
sented in CRC cases compared to controls. A similar tendency
without reaching statistical significance was discernible in colon
cancer. In rectal cancer cases, in contrast to cases with colon cancer,
the variant allele for the rs17884306;G4A polymorphism was less
frequent than controls. None of the allelic association was
statistically significant; nevertheless, we speculate the accentuation
of the observed effects in resultant haplotypes. We found that
haplotypes based on the four TP53 polymorphisms (loci in the
order: rs17878362:A14A2, rs1042522:G4C, rs12947788:C4T,
and rs17884306:G4A) showed a significant differential distribu-
tion between cases and controls. The two most frequent
haplotypes, A1GCG and A2CCG, were more common in cases
than controls. The A2CCG haplotype, when compared to the most
common haplotype A1GCG, was associated with a statistically
significantly increased risk of CRC. The other four less frequent
haplotypes were associated with a decreased risk. Due to the higher
(statistically nonsignificant) frequencies of common alleles for the
rs12947788 (C allele) and rs17884306 (G allele) polymorphisms in
cases than in controls, the effect of the haplotype A2CCG on the
increased CRC risk appears to be logical. However, a similar
plausible explanation for the less frequent, protective haplotypes is
precluded by the relatively low numbers of observations. Interest-
ingly, the most common haplotype, A1GCG, which is comprised of
common alleles for all four polymorphisms, imparted an increased
risk compared to all other haplotypes. The same trend was
observed individually for both colon and rectal cancer. We use a set
of statistical techniques, like goodness of fit based on AIC value
and multiple dimensionality reduction for analysis of locus-locus
interactions, to determine the soundness of different haplotype
models. Two statistical techniques, one based on haplotype
determination followed by logistic regression and the other on a
nonparametric model, suggested the adequacy of the model that
included all the four polymorphisms within the TP53 genes.
While selecting tagging SNPs, we carried out an extended tag-
SNP analysis on the most relevant part of the gene, i.e., from exon
2 to 30UTR, where almost all of the somatic and germline
mutations are encountered. In the process, the genetic variability
in the first haplotype block was not captured. Following our
approach we captured the most common Caucasian haplotypes,
with r240.7 and MAF40.03 and the tagging of TP53 was
Table 3. Haplotype Distribution of the Four Investigated TP53 Polymorphisms in CRC Patients, According to Stratification for Tumor
Location, and Control Subjects
All cases Colon cases Rectal cases
Haplotypesa Controls (n)b nb OR (95% CI)c nb OR (95% CI)c nb OR (95% CI)c
A1-G-C-G 763 819 Referent 493 Referent 326 Referent
A2-C-C-G 106 159 1.40 (1.07–1.82) 100 1.46 (1.09–1.96) 59 1.30 (0.92–1.83)
A1-C-C-G 141 90 0.60 (0.45–0.79) 60 0.66 (0.48–0.91) 30 0.50 (0.33–0.75)
A1-C-C-A 51 54 0.99 (0.66–1.47) 36 1.09 (0.70–1.70) 18 0.82 (0.47–1.43)
A2-G-C-G 63 36 0.53 (0.35–0.81) 20 0.49 (0.29–0.82) 16 0.59 (0.34–1.04)
A1-C-T-G 32 34 0.99 (0.61–1.62) 22 1.06 (0.61–1.85) 12 0.88 (0.45–1.72)
A1-G-T-G 29 10 0.32 (0.15–0.66) 4 0.21 (0.07–0.59) 6 0.47 (0.19–1.13)
A1-G-C-A 24 5 0.19 (0.07–0.51) 2 0.13 (0.03–0.55) 3 0.19 (0.05–0.83)
A2-C-T-G 2 1 — 0 — 1 —
A2-G-C-A 1 0 — 0 — 0 —
aLoci: TP53 Ins11951_11966 (rs17878362:A14A2, allele A2 carries the 16-bp insertion within intron 3), Ex41119G4C (rs1042522:G4C), IVS7172C4T (rs12947788), and
Ex11–363G4A (rs17884306:G4A).
bn is the number of alleles. Because each individual has two alleles, the total number of alleles will be twice the total number of individuals. Individuals with missing
haplotyping data were not included in the analyses.
cGlobal P-value for haplotype effect calculated from w2 test shows for all CRC Po0.0001, for colon cases Po0.0001, and for rectal cases P 5 0.003. Significant P values are in
bold.
OR, odds ratio; CI, confidence interval.
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done with the higher resolution than in the previous published
studies. With the exception of Jung et al. [2008], typically, most of
the studies on genetic variation in TP53 are based on the
rs1042522:G4C and the haplotypes constructed are based on only
two or three polymorphisms [Wu et al., 2002; Mitra et al., 2005;
Khrunin et al., 2005; Buyru et al., 2007]. In this study we used four
tagging-SNPs, which increased the coverage of the gene.
The putative functional effects of several polymorphisms in the
TP53 gene may influence CRC susceptibility. The majority of
studies have investigated the TP53 rs1042522:G4C because of its
functional relevance due to a weaker in vitro affinity of the protein
with the common G allele for several transcription-activating
factors [Murphy, 2006]. The functional significance of the 16-bp
ins/del in intron 3 of the rs17878362:A14A2 polymorphism
remains unclear. The intronic sequences in the TP53 have been
implicated in the regulation of gene expression and in DNA
protein interactions [Gemignani et al., 2004; Pietsch et al., 2006].
Insufficient information is available for TP53 polymorphisms in
intron 7 and exon 11 [Berggren et al., 2000, 2001].
Results from previous studies based on association between the
most investigated TP53 polymorphisms and the risk of CRC have
been mainly inconsistent. Sjalander et al. [1995] compared 155
CRC cases with 206 controls and found a significant reduction in
CRC risk in the TP53 rs17878362:A2 carrier genotypes, and a
nonsignificant increased risk in carriers of variant C-allele of the
rs1042522:G4C polymorphism. On the contrary, the A2 allele of
the rs17878362:A14A2 polymorphism was also found to be
associated with an increased risk in a Spanish population of 374
CRC cases and 322 controls and the rs1042522:G4C polymorph-
ism was associated with a marginal increased CRC risk
[Gemignani et al., 2004]. Other recent studies on TP53
rs1042522:G4C, on relatively small populations, have reported
an association of the C allele with increased CRC risk [Goodman
et al., 2006; Pérez et al., 2006; Zhu et al., 2007; Dakouras et al.,
2008; Mammano et al., 2008]. Two larger and well-designed
studies [Koushik et al., 2006; Tan et al., 2007] have reported
discordant results. The first study did not find any association
between the TP53 rs1042522:G4C polymorphism and CRC risk,
but a moderate association with risk of adenoma due to the C
allele. Conversely, Tan et al. [2007] reported a decreased CRC risk
for the carriers of the C allele in 467 cases and 563 controls. Other
TP53 polymorphisms have been scarcely investigated and no
association has been reported so far [Sjalander et al., 1995;
Mammano et al., 2008].
A few studies mentioned earlier also investigated haplotypes based
on the TP53 polymorphisms, mainly including rs17878362:A14A2
and rs1042522:G4C [Perfumo et al., 2006; Tan et al., 2007], but also
MspI RFLPs in intron 6 [Sjalander et al., 1995]. The earlier data have
been inconsistent; however, Tan et al. [2007], in agreement with our
results, reported a significantly differential distribution of the
haplotypes based on the rs17878362:A14A2 and rs1042522:G4C
polymorphisms between CRC cases and controls. On the other
hand, in the present study we included more polymorphisms with
an extended coverage of the haplotype block.
The observed differential distribution of the TP53 haplotypes in
the CRC cases and controls may also reflect a linkage of the disease
to hitherto unknown functional polymorphism within TP53 or in
some neighboring genes. The chromosome 17p13.1 locus hosts a
number of genes other than TP53 that could carry putative
functional variant(s) linked to the detected haplotypes. This
argument is supported by predictions of such associations and the
existence of large haplotype blocks within the human genome
[Crawford and Nickerson, 2005]. Moreover, the haplotypes in the
gene represent the entire haplotype block covering the DNA-
binding domain of the TP53 gene, as polymorphisms selected in
the study were based on a tagging approach. Further, the analysis
of genotype combination also did not show any effect. The
reversal of the modulation effect of the TP53 polymorphisms
within haplotypes may also point to additional polymorphism(s)
that cause differential cancer risk, either directly or through
interaction with environmental effects.
Haplotypes of polymorphisms in the CDKN1A and CDKN2A
genes did not show any associations with CRC or with colon or
rectal cancer risk separately. On the other hand, we observed
increased variant allele frequencies in CRC cases for the
rs3731249:G4A and rs11515:C4G polymorphisms in the
CDKN2A genes. The CDKN1A and CDKN2A genes encode
functionally important cell cycle regulators; however, not much
information on the variants in these genes is available vis-à-vis CRC
risk. McCloud et al. [2004] reported an association of the
rs3088440:C4T polymorphism in the CDKN2A gene with a
decreased risk of sporadic CRC and altered tumor progression. Two
other studies did not report any association for polymorphisms in
these cell cycle genes with colon cancer risk [Goodman et al., 2006]
or CRC risk in the Israeli population [Starinsky et al., 2005]. Since
the CDKN1A encodes a downstream effector of p53, several studies
have investigated a possible correlation between TP53 and
CDKN1A polymorphisms. In endometrial cancer in the Korean
population and gastric cancer among Chinese, various combinations
of the TP53 and CDKN1A polymorphisms were shown to result in
an increased risk [Roh et al., 2004; Xi et al., 2004].
In light of our data, and an earlier study on childhood acute
lymphoblastic leukemia [Gast et al., 2007], the analysis of
haplotypes represents a much more powerful approach than only
analyzing individual polymorphisms. This approach also ensures
increased statistical power. Assignment of alleles to chromosomes/
haplotypes also provides important information on recombina-
tion (physical exchange of DNA during meiosis), vital for locating
disease-causing mutations by linkage methods.
Thus, in our study, haplotypes based on four polymorphisms
within the TP53 gene accounted for population-based differences
in CRC risk. Importantly, the two most frequent haplotypes were
associated with an increased CRC risk. However, the mechanism
through which the risk modulation is affected remains yet to be
understood. It is also possible that the haplotypes within the TP53
gene along with SNPs in other genes in the p53 pathway may
impact the development not only for CRC but also other cancers.
Interestingly, the TP53 haplotypes we studied significantly
modulate both colon and rectal cancer risk, suggesting general
mechanisms in the genesis of colon and rectal cancers.
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Kury S, Chanock SJ, Potter J, Thomas G, Gallinger S, Hudson TJ, Dunlop MG.
2007. Genome-wide association scan identifies a colorectal cancer susceptibility
locus on chromosome 8q24. Nat Genet 39:989–994.
Zhu ZZ, Wang AZ, Jia HR, Jin XX, He XL, Hou LF, Zhu G. 2007. Association of the
TP53 codon 72 polymorphism with colorectal cancer in a Chinese population.
Jpn J Clin Oncol 37:385–390.
668 HUMAN MUTATION, Vol. 30, No. 4, 661–668, 2009
